West JB, Richalet JP. Denis Jourdanet (1815-1892) and the early recognition of the role of hypoxia at high altitude. Am J Physiol Lung Cell Mol Physiol 305: L333-L340, 2013. First published May 31, 2013 doi:10.1152/ajplung.00128.2013.-Denis Jourdanet (1815-1892 was a French physician who spent many years in Mexico studying the effects of high altitude. He was a major benefactor of Paul Bert (1833Bert ( -1886, who is often called the father of high-altitude physiology because his book La pression barométrique was the first clear statement that the harmful effects of high altitude are caused by the low partial pressure of oxygen. However, Bert's writings make it clear that the first recognition of the critical role of hypoxia at high altitude should be credited to Jourdanet. Jourdanet noted that some of his patients at high altitude had features that are typical of anemia at sea level, including rapid pulse, dizziness, and occasional fainting spells. These symptoms were correctly attributed to the low oxygen level in the blood and he coined the terms "anoxyhémie" and "anémie barométrique" to draw a parallel between the effects of high altitude on the one hand and anemia at sea level on the other. He also studied the relations between barometric pressure and altitude, and the characteristics of the native populations in Mexico at different altitudes. Jourdanet believed that patients with various diseases including pulmonary tuberculosis were improved if they went to altitudes above 2,000 m. This led him to recommend "aérothérapie" in which these patients were treated in low-pressure chambers. Little has been written about Jourdanet, and his work deserves to be better known. 1878 (3, 3a). Bert is often called the father of high-altitude physiology and medicine in large part because this book represents a watershed between the early, largely anecdotal, accounts of the deleterious effects of high altitude on the one hand, and the modern analytical studies on the other. The book put high-altitude physiology on a firm scientific foundation and proved that the harmful effects of high altitude were caused by the low partial pressure of oxygen.
My dear Colleague: It is to you that I owe, not only the first idea of this work, but also the material means to execute it, which are so difficult to collect. I have been very happy to see physiological experimentation on one of the most important points of my study confirm entirely the theory which your intelligence had deduced from numerous pathological observations collected on the high Mexican plateaux. For all these reasons I should dedicate this book to you, and I do so with the greater pleasure because you are one of those persons who would make gratitude easy to even the most thankless natures.
[ (3, 3a) . Bert is often called the father of high-altitude physiology and medicine in large part because this book represents a watershed between the early, largely anecdotal, accounts of the deleterious effects of high altitude on the one hand, and the modern analytical studies on the other. The book put high-altitude physiology on a firm scientific foundation and proved that the harmful effects of high altitude were caused by the low partial pressure of oxygen.
This being the case, some readers may be puzzled by Bert's dedication that clearly gives precedence for the recognition of the critical role of hypoxia at high altitude to Denis Jourdanet ( It is therefore remarkable that, despite Jourdanet's groundbreaking idea as acknowledged by Bert ( Fig. 2) , very little about Jourdanet has been published. Apparently there is no full description of the man and his work in English. There are two or three biographical articles in French or Spanish but these do not discuss his scientific contributions. The aim of this paper is to redress this omission and show that Jourdanet was an innovative scientist as well as a successful physician and that his contributions should be better known.
Brief Biography
This section is based on the account by Duffau (8 -10) with additions from Auvinet (1) and Auvinet and Briulet (2) . Denis Jourdanet (1815-1892) ( Fig. 1 ) was born in Juillan near Tarbes in the Hautes-Pyrénées, France, on May 1. As a young boy he was influenced by his uncle who was a village priest and he became very interested in the study of Latin. At the age of 13 he entered the Petit Séminaire de Saint Pé in Bigorre in the Hautes-Pyrénées where he remained from 1828 to 1833 and demonstrated a lively intellect. After a period in the college d'Aire he moved to Paris with his cousin Antoine where he began to study medicine. He enjoyed the contact with patients but not the formal lectures. Furthermore, according to his biographer, Father Duffau, he had a preference for the easy life of the salons. In 1842 at the age of 26 before he had finished his medical studies, he decided to seek his fortune in America and on February 15 he embarked on the ship Arago at Le Havre for Mexico. He reached Veracruz on April 10.
Apparently his plans were vague and he was short of money, but fortunately he was helped by a representative of Yucatan in Veracruz by the name of Don José Dolores Castro. As a result he went to Campeche in the Yucatan Peninsula where his knowledge of medicine attracted many patients and he rather prematurely set up a medical practice despite the fact that this was not authorized. However, an operation for cataract surgery (sic) impressed the French consul, A. Laisné of Villévêque, and as a result he was given the necessary legal authorization to practice medicine.
Jourdanet was subsequently accepted into the society of wealthy people, and his situation suddenly changed for the better when he married Señorita Rita Estrada, a daughter of Jose Maria Gutierrez de Estrada. This family enjoyed a special status in Campeche. Gutierrez Estrada was a prominent diplomat who had been a Secretary for Foreign Affairs of Mexico. Jourdanet therefore happily found himself to be the son-in-law in a family of considerable wealth.
In 1846 Jourdanet returned with his new wife to Paris, where he was able to complete his formal study of medicine at the Sorbonne. He was influenced by the famous French toxicologist Mathieu Orfila, and his thesis dealt with the prevention and treatment of tetanus. His wife, who had been affected by pulmonary tuberculosis for 12 years, noted a definite improvement in her disease during her stay in Paris. Her brother had died of the same disease in 1847.
In creasing altitudes including the summit of the volcano La Malinche, altitude 4,461 m. He came to the conclusion that the increased altitude of the high plateau improved his wife's health; this led him later to write extensively on the value of a reduced barometric pressure in the treatment of disease.
In 1851 after two years in Puebla, Jourdanet moved to Mexico City, also at an altitude of about 2,200 m. There he became a member of the Faculty of Medicine of Mexico and earned his second title of Doctor of Medicine. He also founded a Franco-Mexican college in an imposing colonial building known as the House of the Masks. This enabled French teachers to educate the children of French families who had settled in Mexico. There were occasional serious outbreaks of cholera in Mexico City and Jourdanet's reputation increased as he dealt with these. His patients included several celebrities; one was the successful businessman Manuel Escandón, who generously rewarded Jourdanet for his services. Unfortunately Jourdanet's wife died in 1859 and he decided to return to France. In 1860 in Paris he had an opportunity to discuss his new findings at a meeting of the French Academy of Medicine. However, he had a mixed reception. He argued that residence at an increased altitude could contribute to health and his first article on the topic was published in 1861 (14) . He also discussed his concept of what he called anoxyhémie in which he drew a comparison between the physiological effects of anemia at sea level on the one hand and reduced oxygen levels at high altitude on the other. This led him to promote the use of low-pressure chambers in the treatment of some illnesses. These topics are discussed below.
At this time Jourdanet became involved in politics. There was considerable tension between Mexico and its creditors, chiefly France, Britain, Spain, and the United States, because interest payments had been suspended by the Mexican president. The problem was discussed at the Convention of London of 1861 and ultimately led to a French campaign beginning in 1862. Jourdanet was summoned to the Tuileries Palace by the Emperor Napoleon III to discuss the situation, and Jourdanet's father-in-law headed a Mexican commission to Archduke Maximilian of Austria, who was subsequently crowned as the Emperor of Mexico. Maximilian invited Jourdanet to be his personal physician but Jourdanet declined.
Jourdanet returned to Mexico in 1864 and continued his clinical work. His 1861 book (14) was renamed and was consulted by many officers of the Franco-Mexican troops on the effects of altitude on health. As a result of this service to the armed forces, Jourdanet was awarded the Cross of the Legion of Honor.
Jourdanet remarried in 1865, again into a wealthy family. His new wife was Señorita Juana Beistegui y García, daughter of a prominent owner of silver mines. Her sister, Loreto, subsequently married Alphonse Dano, who was the Minister Plenipotentiary of France in Mexico. The two families continued to maintain close links. The Jourdanets left for France in 1867 after the defeat of the French troops in Mexico and the execution of Maximilian. They returned to Paris and took an apartment on the Champs Elysées.
At this point Jourdanet decided to leave the practice of medicine and concentrate on science. At the Sorbonne he met Paul Bert, who was 18 years his junior, and the two developed a collaboration that resulted in the dedication of Paul Bert's magnum opus as cited earlier. Jourdanet, who was now wealthy, financed Bert's extensive laboratory in the Sorbonne, where most of his work on the effects of high altitude was carried out. He also subsidized the publication of Bert's book (3) .
In 1875 Jourdanet found himself associated with the tragic flight of the French balloon "Zenith" with the three aeronauts Tissandier, Croce-Spinelli, and Sivel. The balloon reached an altitude of about 8,600 m, resulting in the deaths of the last two from hypoxia. Bert had previously learned that the balloonists had insufficient oxygen, and he tried to warn them about this but the warning letter arrived too late. The disaster caused a sensation in France. Jourdanet had witnessed the rapid ascent of the balloon and reported that he felt serious misgivings about the flight.
Jourdanet retained his love of Mexico and subsequently published French translations of two books in Spanish about the history of the country (5, 28) . He died in Paris on May 6, 1892 and was buried in the vault of the Dano family in the Passy Cemetery.
Jourdanet's High-Altitude Studies
Jourdanet's high-altitude studies were reported by him in several articles and books (14 -20, 22) . However, his most important publication was Influence de la pression de l'air sur la vie de l'homme in two volumes published by Masson in Paris, 1875 (22; Fig. 3 ). This is a very handsome production with many beautiful engravings and a number of colored maps. Each volume is divided into five parts each consisting of several chapters, which themselves are comprised of several numbered "articles." There are also an appendix and some supplementary notes. A second edition was issued in 1876. The entire first edition is available on the Internet. This digitized copy is from the Countway Library in Cambridge, MA, and includes a note at the beginning from Jourdanet with his signature.
The book begins with a long historical introduction on the physics of the atmosphere starting with Aristotle, who speculated on the weight of the air. The contributions of Galileo, Torricelli, von Guericke, and several others are then described but, perhaps betraying its French origin, the only engraving besides Galileo is a fine one of Blaise Pascal. There is also a section on the Loi de Mariotte, which many of us know as Boyle's Law. Entertainingly, Pascal estimated the total weight of the atmosphere at about 8 ϫ 10
18 livres (about the same in English pounds). There is a discussion of the properties of the atmosphere including the relations between temperature and altitude and the amount of water vapor. This is followed by a short, rather speculative chapter on possible changes in the atmosphere over geological time.
There is a long section on geography including altitudes of many places in the world. Facing page 85 there is a beautiful engraving showing what is purported to be Mt. Everest based on an aquarelle made by Hermann Schlagintweit in 1855 (Fig. 4) . The altitude of the summit is given as 8,816 m, which is puzzling because Schlagintweit gave a value of 29,000 ft, corresponding to 8,839 m. The modern accepted value is close to this, being 8,848 m. However, it is notable that in Appendix 1 of Bert's La pression barométrique Bert gives a table of the heights of mountains and the associated barometric pressures that he says are based on Jourdanet's data. Mt. Everest is shown to have an altitude of 8,840 m with a barometric pressure of 248 mmHg. This is very close to the accepted value of about 250 mmHg. Actual measurements on the summit by climbers in good weather when the pressure tends to be high are 253 mmHg (33) .
There is a very long section with extensive tables on the altitudes of many high places in the world. This is followed by an extended section on Mexico including its geography and the number of inhabitants in various regions.
Jourdanet then turns to the medical and physiological effects of going to high altitude. First he describes in some detail the results obtained by Paul Bert in his low-pressure chambers. By exposing various animals to air at low barometric pressures on the one hand (hypobaric hypoxia) and low concentrations of oxygen at normal pressure (normobaric hypoxia) on the other, Bert was able to show the critical role of the partial pressure of oxygen. Also Bert was the first physiologist to measure the oxygen dissociation curve of blood under physiological conditions. There are descriptions of some of Bert's experiments in which he exposed humans including himself to low pressures in his chambers, although Jourdanet points out that Bert himself never went to high altitude.
The next section describes the experiences of humans ascending to high altitudes. One of the first descriptions of acute mountain sickness was provided by the Spanish priest Joseph de Acosta in 1590 and his account is given in full albeit in French. Other famous ascents for example by Horace Bénédict de Saussure and Alexander von Humboldt are also described. The features of acute mountain sickness are set out, including its effects on respiration, circulation, and the gastrointestinal and central nervous systems. There is also a description of the famous balloon ascent by Glaisher and Coxwell in 1862 when Coxwell became paralyzed and had to use his teeth to seize the cord to open the valve of the balloon. Much of this historical section is similar to that in Bert's book (3) published three years later.
The next section deals with the physiological differences of inhabitants of high altitude compared with sea level dwellers. There is a brief discussion of the enlargement of the chest in high-altitude natives. Special emphasis is given to the movement of populations in Mexico between different altitudes including the problems of the indigenous population living on the slopes of the volcano Popocatépetl.
In the second volume of this large book (22) Jourdanet discusses the pathophysiology of high altitude, a topic that he had previously dealt with in less detail in De l'anémie des altitudes et de l'anémie en général dans ses rapports avec la pression de l'atmosphère published in 1863 (17) . A major emphasis is the analogy that he draws between the effects of simple anemia, that is a reduced concentration of red blood cells at sea level, and the effects of a reduced oxygen level in the blood at high altitude. For the latter he introduces the term "l'anoxyhémie" and he uses this and the term "anémie barométrique" interchangeably. This is confusing for us now because of course we use a strict definition of the term anemia. However, Jourdanet was clearly referring to the overall effects of going to high altitude rather than the concentration of red cells in the blood. For example he states "l'anoxyhémie des altitudes a donc son analogue dans l'anémie hypo-globulaire du niveau de la mer." [The anoxemia of altitudes is analogous to the anemia caused by a reduced number of red cells at sea level. 1 ] He goes on to say "l'oxygène étant l'agent vital par 1 Unless otherwise noted, all translations are our own. excellence, sa diminution par défaut de globules fait la faiblesse des anémiques; sa diminution dans le sang par défaut de pression doit produire les mêmes résultats." [Oxygen is absolutely the vital agent, its reduction by a lack of red blood cells causes the weakness of anemia; its reduction in the blood by the low pressure causes the same results]. Incidentally he uses the two spellings "anoxyhémie" and "anoxyémie" interchangeably. It is interesting that Jourdanet was drawn to consider changes in the blood at high altitude by his experience as a surgeon. He noticed that in high-altitude dwellers the blood tended to be thick and of dark color, and it flowed slowly. But despite the thick blood, patients at high altitude exhibited some of the same features seen in anemia at sea level. For example there was a rapid pulse, sometimes dizziness, and occasional fainting spells. However, the definitive studies of the polycythemia of high altitude had to wait for the work of François Viault (31) following the inspired suggestion of Bert [p. 1000 in the English translation (3a)].
In discussing the increase in altitude that is necessary for anoxyhémie, Jourdanet drew from his own experience. As we have seen he initially lived in Campeche at sea level on the Gulf of Mexico and then moved to the inland plateau at an altitude of about 2,200 m, where he clearly saw the effects of altitude. He therefore concluded that the critical increase in altitude was about 2,000 m. Jourdanet also published two other articles, one on statistics of Mexico and another on syphilis (21, 23) .
In his book La pression barométrique (3), Bert mentions the scientific debt that he owes to Jourdanet in several places. We have already noted the dedication of the book to Jourdanet that is reproduced at the beginning of this article. In addition there is an interesting section on page 274 of the English translation (3a) where Bert refers to a criticism of Jourdanet's work by a M. Leroy de Méricourt. This author refers to the following statement by Jourdanet: "An ascent above 3,000 meters is a barometric disoxygenation of the blood, just as a bleeding in a corpuscular disoxygenation" in pejorative terms, calling it "strange." Bert retorts "I was very desirous of reporting this opinion because it shows well what the sentiment of the most learned and the best authorities was in 1866. We must, in fact, wait for the theory expressed by M. Jourdanet, the accuracy of which I have demonstrated experimentally, to be considered soon as a thing so simple and evident that everyone will claim to be its originator, or at least will refuse it any merit of originality."
Finally, near the end of the long chapter in which Bert describes various theories and experiments on the effects of going to high altitude, he summarizes the contributions made by Jourdanet as follows: " . . . it is to M. Jourdanet . . . that we shall give the credit for having found the true explanation of the symptoms of decompression, as he already has the credit for having so clearly defined and described them by the name of anoxemia.
"However, we must note here again that the basis of the theory rested only on reasoning and deductions, very well connected, to be sure, but not sufficient to establish complete proof to minds accustomed to the precision of scientific methods. It was necessary to make experimental proof of anoxemia and its effect upon the production of the symptoms which appear in rarefied air . . . . M. Jourdanet himself permitted me to subject to experimental test both his own theory and all those which have deserved to be examined thus. The account of the experiments which I made with the help of the apparatuses which I had secured, thanks to him, will form the second part of this work" [p. 351 in the English translation (3a)].
Aerotherapy
Jourdanet goes on to discuss the beneficial effects of high altitude on some diseases. He cites evidence that pulmonary tuberculosis can be improved by going to high altitude and the same is true of yellow fever and typhus. As a result of these studies he came to the conclusion that subjecting patients to a low barometric pressure in a chamber would be valuable in some instances. He therefore embarked on a form of treatment known as aerotherapy. This is discussed in more detail in his book Aérothérapie. Application artificielle de l' air des montagnes au traitement curatif des maladies chroniques [Aerotherapy. The artificial use of mountain air in the curative treatment of chronic diseases] (18).
Metal chambers that allowed humans to be exposed to either an increased or decreased air pressure had been introduced a number of years before Jourdanet constructed his own (13) . For example, in 1834 Junod (24) constructed a chamber that could be used to both increase and decrease the pressure in the treatment of some types of lung disease. This early chamber was a copper sphere measuring about 1.5 m in diameter; it was claimed that the circulation to the internal organs was increased and that the patient felt an increased sense of well-being because of an increase in cerebral blood flow. Pravaz (27) built a large chamber that could accommodate 12 patients at one time and the therapeutic regime was named "le bain de comprimé" [the bath of compressed air]. Hyperbaric chambers had also been used for the treatment of decompression sickness in workers constructing caissons underwater. One of the first was a caisson employed during the excavation of the bed of the Loire River. This chamber was built by Triger (30).
Jourdanet's low-pressure chamber had a volume of six cubic meters and is shown in Fig. 5 . Its use is described in the last chapter of Jourdanet's book (22) , and a number of clinical examples are given claiming its effectiveness although of course by modern standards these anecdotal records are of limited value.
On the other hand Jourdanet's colleague, Paul Bert, made extensive use of low-pressure chambers in La pression barométrique (3). Figure 6 shows low-pressure chambers in his laboratory in the Sorbonne, and on the extreme left we can see part of Jourdanet's chamber. As mentioned earlier, the wealthy Jourdanet was Bert's patron and was responsible for the costs of setting up the elaborate laboratory. All Bert's high-altitude experiments were carried out with low-pressure chambers and in one experiment he decompressed himself to the pressure at the summit of Mt. Everest although of course he could only remain conscious by inhaling an enriched oxygen mixture. During this experiment Bert reported that the flame of a candle in the chamber became very blue, and a sparrow vomited and seemed extremely sick. However, Bert himself stated that it "seemed to me as if I could have gone lower yet, with no inconvenience, and I was quite ready to do so, had not my esteemed pumps, weary with work, refused to continue exhausting the air of the cylinders" [pp. 706 -708 in the English translation (3a)]. Incidentally a few years later the Italian physiologist Angelo Mosso (1846 -1910) decompressed himself to the extraordinarily low barometric of 192 mmHg although of course the chamber was enriched with oxygen. This pressure corresponds to an altitude of about 10,800 m (6).
Criticism of the Claim by Jourdanet and Bert that Hypoxia Is the Critical Factor in the Physiological Responses to High Altitude
Today we accept that the physiological responses to hypoxia are determined by the low partial pressure of oxygen and we recognize that this was first proved by Paul Bert and his predecessor Denis Jourdanet. However, for a number of years after the publication of La pression barométrique (3) there was heated criticism of the role of hypoxia and indeed the issue was disputed for a further 30 years. The interesting history of this debate has been well documented by Kellogg (25) .
One of the first scientists to query Bert's finding was the eminent Russian physiologist Setschenow (29) . He is often referred to as the father of Russian physiology and he worked with Carl Ludwig in Vienna, where he constructed a blood-gas pump that was used to liberate the gases from a blood sample. He argued that the affinity of oxygen for hemoglobin was so great that even at a PO 2 of 20 -30 mmHg the blood should be well oxygenated. Criticism also came from the German physiologists Fraenkel and Geppert (11) . Again, they questioned the accuracy of the oxygen dissociation curve used by Bert. Here they were influenced by the publication of a paper by Hüfner (12) showing that the hemoglobin remained essentially completely saturated down to a PO 2 of about 20 mmHg. Their conclusion was that the arterial blood maintained its high oxygen concentration even at the altitude of Mont Blanc (4,807 m) and therefore that mountain sickness at moderate altitudes could not be caused by hypoxemia.
Another opponent of Bert's theory was Angelo Mosso, professor of physiology at Turin, whose work was briefly referred to earlier. He carried out low-pressure-chamber experiments in which he measured the concentrations of oxygen and carbon dioxide in the expired gas samples and concluded that the deleterious effects of the low barometric pressure were more closely associated with a low PCO 2 than a low PO 2 . He coined the term "acapnia" to refer to the low PCO 2 and argued that this was the primary cause of mountain sickness. As additional evidence he pointed out that voluntary hyperventilation at sea level that reduced the PCO 2 but increased the PO 2 in the blood can cause cerebral symptoms similar to those of high altitude. Mosso argued that exposure to a low barometric pressure was similar to the situation existing in a blood-gas analyzer where the vacuum extracted CO 2 from the blood. The British physiologist Joseph Barcroft criticized this notion by pointing out that humans are exposed to an essentially zero partial pressure of carbon dioxide even at sea level. However, Mosso clung to his acapnia theory until his death in 1910.
By the end of the first decade of the 20th century most of the objections to Bert's theory were muted; for example, when Douglas et al. (7) wrote up their account of the Pikes Peak expedition in 1913, they clearly attributed the effects of high altitude to hypoxia. However, even today most physiologists credit Paul Bert with introducing the hypoxia theory of high altitude and it is salutary to remember that he gave the credit to his patron Denis Jourdanet. 
Relations Between Jourdanet and Bert in Their Later Years
It is sad to report that relations between Jourdanet and Bert became increasingly strained in their later years. First we should remember that Jourdanet was 18 years older than Bert and also that Jourdanet, partly through his marriages, had developed strong links with very successful and highly placed families. His first marriage had been into the family of Gutierrez Estrada, who had been a Secretary for Foreign Affairs in Mexico. His second marriage was into the family of a prominent wealthy owner of mines in Mexico. Moreover, his second wife's sister married the Minister Plenipotentiary of France in Mexico. The families of the two sisters remained close and in fact Jourdanet and his wife were buried in the imposing vault of the Dano family in the Passy Cemetery in Paris, although interestingly neither his nor his wife's name are on the plaque of the vault. It is easy to understand that with these connections Jourdanet had many friends in high places and that his politics were rather conservative. He was also a man of substantial wealth in his later years.
By contrast, the younger Bert was a strident liberal with some antiestablishment sympathies. He was politically active and, for example, strongly campaigned against the role of the church in teaching in French public schools. One of his books (4) was a scathing criticism of the Jesuits. Bert's appointment at the Sorbonne was opposed by church authorities on the grounds of his very liberal and anticlerical ideas, and apparently it was only with the support of Louis Pasteur that Bert's appointment was successful. The contrast between the two men is suggested by Figs. 1 and 2 . Jourdanet looks like a conventional pillar of the establishment whereas Bert suggests a certain insouciance.
Presumably relations between the two men were cordial enough when they were discussing scientific matters. However, according to Jourdanet To finish on a happier note, Jourdanet later founded the Chair of Medical Geography in the Society of Anthropology in Paris. This was a forum for continuing discussions and educational activities on the effects of different climates and altitudes on human life, which were important legacies of Jourdanet's work.
